Background: The effects of remnant tissue preservation on tunnel enlargement after anatomic double-bundle anterior cruciate ligament (ACL) reconstruction have not yet been established.
as of yet. Recently, it has been reported that anatomic double-bundle ACL reconstruction procedures significantly reduce the incidence and degree of postoperative tunnel enlargement compared with the single-bundle procedure. 23, 24 The differences between these 2 procedures in the incidence and degree of tunnel enlargement were 2% to 6% and 13% to 32%, respectively. However, the incidence and degree of tunnel enlargement after double-bundle reconstruction remain at high levels. For example, Siebold and Cafaltzis 43 reported that the degree of tunnel enlargement was a mean of 34% and 46% for the femoral anteromedial (AM) and posterolateral (PL) tunnels, respectively, and 20% and 38% for the tibial AM and PL tunnels, respectively. Therefore, it is necessary to conduct studies to further reduce the incidence and degree of tunnel enlargement after anatomic double-bundle ACL reconstruction.
Recently, the preservation of ACL remnant tissue has been recognized to have several potential advantages, 8 such as preservation of proprioceptive organs, 1, 19, 32, 33 graft revascularization, and graft ligamentization. 2, 9, 14, 27, 39 However, less is known about the effects of remnant preservation on tunnel enlargement after ACL reconstruction. We could find only 2 studies concerned with this issue. Zhang et al 59 reported that remnant preservation in single-bundle ACL reconstruction could reduce tibial tunnel enlargement. Recently, Yanagisawa et al 54 reported that remnant preservation reduced the amount of femoral (14%) and tibial (10%) tunnel enlargement in doublebundle ACL reconstruction, even when residual tissue of the normal femoral attachment area was peeled off from the bony surface. In that study, 54 however, tunnel enlargement was evaluated at only 6 months after surgery. In addition, Yanagisawa et al 54 did not compare detailed postoperative clinical scores between the remnant-preserving and -resecting procedures. Therefore, the effect of remnant tissue preservation on tunnel enlargement after anatomic double-bundle ACL reconstruction has not yet been clearly elucidated.
We conducted a prospective comparative study using multiplanar reconstruction images on computed tomography (CT) to clarify the effect of remnant tissue preservation on tunnel enlargement at 1 year after anatomic doublebundle ACL reconstruction. We used the anatomic double-bundle ACL reconstruction procedure, which has been evaluated in many biomechanical, clinical, and arthroscopic studies, 29, 30, 55, 56 and the remnant-preserving procedure, which has also been evaluated clinically and arthroscopically in previous studies. 31, 57 We hypothesized that the degree and incidence of tunnel enlargement in remnant-preserving procedures may be significantly less than those in remnant-resecting procedures after the same anatomic double-bundle ACL reconstruction procedure.
METHODS

Study Design
A prospective comparative study was conducted between March 2009 and May 2013 using patients who had an isolated unilateral ACL injury. Exclusion criteria from this study were patients with a combined injury in the other knee ligaments and patients who had undergone any previous knee surgery. The study design was approved by the institutional review board at our hospital before commencement. All patients were informed that if they did not want to be in this study, they could choose another ACL reconstruction procedure. Patients were also informed that CT would be conducted postoperatively.
A total of 91 patients (91 knees) were enrolled in this study. Before beginning the ACL reconstruction procedure, we arthroscopically observed the morphological status of remnant tissue in each study participant. Crain et al 11 reported on an arthroscopic classification system that identified 4 different patterns of ACL morphology: type I (ACL scarring to the posterior cruciate ligament), type II (ACL healing to the roof of the notch), type III (attenuated ACL remnant healed to the lateral wall), and type IV (resorption of the torn ACL). The knees with Crain type IV remnant tissue, the proximal end of which did not attach anywhere although the distal end attached on the tibia, were categorized as group R and underwent remnant-resecting procedure ( Figure 1 ). The knees with Crain type I, II, or III remnant tissue, the proximal end of which attached on the femur or posterior cruciate ligament, were categorized as group P and underwent remnant-preserving procedure ( Figure 2) .
Of the 91 patients, 44 were placed in group R and underwent arthroscopic anatomic double-bundle ACL reconstruction 55 after the resection of remnant tissue. The other 47 patients in group P underwent arthroscopic anatomic double-bundle ACL reconstruction with the preservation of remnant tissue. 57 Namely, the decision for each procedure was made according to the remnant type of each knee.
Two senior orthopaedic surgeons (E.K. and N.K.) who were sufficiently trained concerning the 2 procedures performed all operative procedures. After surgery, all patients underwent postoperative management using the same rehabilitation protocol. 56 We followed up with the patients in our outpatient clinic for 1 year (range, 12-16 months) after surgery; 5 patients in group R and 7 patients in group P were lost to follow-up for a variety of circumstances. Thus, a total of 79 patients participated in this study and underwent clinical and radiological evaluations.
Patient Demographics
Concerning the 79 patients (38 men and 41 women), the mean age was 29 years (range, 13-66 years) at the time of surgery. There were 39 patients in group R and 40 patients in group P. The preoperative side-to-side anterior laxity measured with a KT-2000 arthrometer (MEDmetric) averaged 5.2 mm and 5.3 mm in groups R and P, respectively ( Table 1) . The background factors in each group are shown in Table 1 . There were no significant differences between the 2 groups. The rehabilitation protocol was the same for patients undergoing meniscal repair and meniscal resection. No serious cartilage injuries occurred that needed surgical treatment.
Surgical Procedure
Arthroscopic anatomic double-bundle ACL reconstruction with/without the preservation of remnant tissue was performed using the transtibial tunnel technique according to previously described methods. 55, 57 Between the 2 procedures, there were no essential differences concerning the reconstruction process except for the preservation or resection of remnant tissue.
For graft preparation, the harvested semitendinosus tendon was cut in half and doubled over. A commercially available polyester tape (Leeds-Keio artificial ligament; Neoligaments) was mechanically connected at an unlooped end of the doubled tendon by the use of a previously reported technique. 55 An Endobutton CL BTB (Smith & Nephew) was attached at the looped end. In group P, each graft was introduced through each tibial tunnel and remnant tissue into the femoral tunnel and was fixed with an Endobutton (Figure 3) . The 2 tape portions were simultaneously secured with 2 spiked staples (Smith & Nephew) onto the tibia at the full extension position, with a 30-N load applied to each graft.
Computed Tomography
All patients underwent CT at 2 weeks and 1 year after surgery. The 2-dimensional (2D) and 3 dimensional (3D) CT scans were taken using a 64-slice multidetector CT machine (Aquilion 64; Toshiba) and were converted to multiplanar reconstruction images and observed on a monitor display using the computer software program ZioTerm2009 (Ziosoft). The knee was placed in full extension, and scanning was performed from proximal to the femoral tunnel to a Data are shown as mean ± SD unless otherwise indicated. Group R included patients who underwent the remnant-resecting procedure, and group P included patients who underwent the remnant-preserving procedure. LM, lateral meniscus; MM, medial meniscus.
distal to the tibial tunnel to visualize the position of autograft fixation. The 0.5-mm sections were secondarily reconstructed with a bony algorithm to allow multiplanar reconstructions (1-mm thickness per 1-mm interval) from the axial data set. Oblique axial (OA), oblique sagittal (OS), and oblique coronal (OC) views were reconstructed based on the direction of the longitudinal axis of the femoral and tibial tunnels. The 3D scans were also reconstructed with a soft tissue algorithm using the volume-rendering technique.
The position of the femoral and tibial tunnels was evaluated by observing the AM and PL tunnel outlets on the intra-articular bone surface of the 3D CT scans using the quadrant method. 6, 47 On these images, surgeons who were blinded to the patient group measured the location of the intra-articular outlet center of the AM and PL tunnels using previously reported X and Y coordinates. 25 The tunnel measurement was taken digitally at 10 mm from the intra-articular outlet of both the femoral and tibial tunnels without coalition in the OA, OS, and OC views according to previous studies. 7, 10, 25, 44 Measurement of the tunnel cross-sectional area was also taken digitally at 10 mm from the intra-articular outlet of both the femoral and tibial tunnels without coalition in the OA view using ImageJ software (National Institutes of Health) (Figures 4 and 5 ). First, a digital image file of an OA CT scan was opened using ImageJ. Then, for the measurement scale, the described scale on the image file was used as a baseline. The automated threshold included only the tunnel area. Finally, the cross-sectional area of the tunnel was calculated. All measurements were taken from the sclerotic bony margins by a blinded orthopaedic surgeon (T.M.). The degree of tunnel enlargement was defined as the percentage change in the diameter and cross-sectional area between the scans performed at 2 weeks and 1 year. Based on our previous study, 25 the incidence of tunnel enlargement was determined by the number of femoral or tibial tunnels that enlarged more than 40% in area (because an increase of 20% of the diameter was equivalent to a 40% increase in the area of the cylinder tunnel).
Tunnel coalition was determined by observing the AM and PL tunnel outlets on the intra-articular bone surface of the femur or tibia using 3D CT scans and measuring the width of the bony septum between the 2 tunnels according to Hantes et al. 15 In addition, the thickness of the bony septum between the AM and PL tunnels was measured at 10 mm from the intra-articular outlet with coronal, sagittal, and axial 2D CT scans. When the width was zero, we defined it as tunnel coalition.
Clinical Evaluation
Each patient underwent a clinical examination 1 year after surgery. The side-to-side anterior laxity was measured using a KT-2000 arthrometer at 30 of knee flexion under an anterior drawer force of 133 N. An experienced knee surgeon (E.N.) obtained the KT-2000 arthrometer results postoperatively. Another experienced orthopaedic surgeon (N.K.) performed the pivot-shift test, the results of which were subjectively evaluated as "2þ," "þ," and "-" using previously reported criteria. 25, 30, 31, 56, 57 For the overall evaluation, the Lysholm knee score (maximum score, 100 points), 35 the International Knee Documentation Committee (IKDC) score, 18 and the Tegner activity score 46 were used. Peak isokinetic torque of the quadriceps and hamstring was measured at 60 deg/s of angular velocity with a Cybex II dynamometer (Lumex) in both knees 1 year after surgery. Muscle torque as measured postoperatively was represented as a ratio (percentage) of the uninvolved knee to the involved knee.
Statistical Analysis
Intraobserver variability for the tunnel measurements was satisfactory (mean intraclass correlation coefficient, 0.84 [range, 0.78-0.92]). An a priori power analysis was performed. The significance level was set at P ¼ .05. In our preliminary study, 25 the difference between the remnantpreserving and -resecting procedures in the incidence of tunnel enlargement was 20% to 25%, with 10 knees in each group. A sample size of 79 was calculated to have 74% to 85% power to test our hypothesis. The Pearson correlation coefficient and chi-square test were used to characterize the relationship of tunnel enlargement and coalition to clinical parameters. A statistical comparison was performed using the chi-square test, unpaired MannWhitney U test, and Fisher exact test for the change in tunnel enlargement and coalition. A commercially available software program, JMP 11 (SAS Institute), was used for statistical calculation. 
RESULTS
Tunnel Position
Using the grid system 6, 47 shown in Figure 6 , we first compared the X-Y coordinates of each tunnel outlet between groups P and R (Table 2 ). There were no significant differences concerning each value. These results demonstrated that the 2 groups were comparable in terms of the created tunnel location and that any differences in clinical results were not caused by the difference in the tunnel outlet location but by the preservation of ACL remnant tissue. The
Tunnel Size During Surgery
The femoral and tibial AM tunnel sizes in group R averaged 6.2 mm and 6.6 mm, respectively, and those in group P averaged 6.2 mm and 6.5 mm, respectively. The femoral and tibial PL tunnel sizes in group R averaged 5.8 mm and 5.9 mm, respectively, and those in group P averaged 5.8 mm and 6.0 mm, respectively. Concerning the femoral and tibial tunnel sizes, there were no significant differences between the 2 groups (Table 3) .
Degree and Incidence of Tunnel Enlargement
The degree of tunnel enlargement of the femoral AM tunnel diameter in group R averaged 20.0%, 17.8%, and 18.7% in the OC, OS, and OA views, respectively, compared with 9.1%, 11.6%, and 11.4% in group P. These differences were significantly different in the OC and OA views, with the degree of tunnel enlargement being less in group P (P ¼ .0068 and .0323, respectively) ( Table 4 and Figure 7 ). The degree of tunnel enlargement of the femoral PL tunnel diameter in group R averaged 4.4%, 14.1%, and 18.2% in the OC, OS, and OA views, compared with 5.7%, 5.0%, and 10.8% in group P. There were no significant differences between the 2 groups regarding tibial tunnel enlargement. The degree of tunnel enlargement of the femoral AM tunnel cross-sectional area in group R averaged 44.0%, and that in group P averaged 19.4%. The degree of tunnel enlargement of the femoral PL tunnel area in group R averaged 20.7%, and that in group P averaged 5.0%. The degree of enlargement in the femoral AM tunnel area was significantly less in group P than in group R (P ¼ .0086). Regarding the PL tunnel, we could find the same tendency, but the difference was not significant (Table 4) . Concerning the degree of tunnel enlargement for the tibial AM and PL tunnel cross-sectional areas, there were no significant differences between the 2 groups (Table 5 ). Data are shown as mean ± SD in percentages. The center position of each tunnel outlet was expressed by the X and Y coordinates, defined in Figure 6 . AM, anteromedial; PL, posterolateral. The incidence of femoral AM tunnel enlargement in group R was 48.7%, while that in group P was 22.5%, and the incidence of femoral PL tunnel enlargement in group R was 23.1%, while that in group P was 17.5%. Concerning the AM tunnel, the incidence of enlargement was significantly less in group P than in group R (P ¼ .0278) ( Table 6 ). The incidence of tibial AM tunnel enlargement in group R was 9.7%, while that in group P was 3.2%. The incidence of tibial PL tunnel enlargement in group R was 6.5%, while that in group P was 9.7% . There were no significant differences between the 2 groups.
In addition, patients were divided into 2 age groups: 30 years and >30 years. The incidence of femoral AM tunnel enlargement was significantly greater (P ¼ .0072) in group P patients older than 30 years compared with those 30 years and younger. Regarding the femoral AM tunnel for patients aged 30 years, the incidence of enlargement was significantly less in group P than in group R (P ¼ .0102). Yet, for patients aged >30 years, there were no significant differences between the 2 groups. There was a significant difference in the postoperative Tegner score between the 2 age categories (mean score, 6.2 for 30 years and 5.2 for >30 years; P ¼ .0143).
Incidence of Tunnel Coalition
On the femoral surface, tunnel outlet coalition was observed in only 1 knee (2.6% of cases) at 2 weeks in group R and none in group P. Then, at 1 year, femoral tunnel outlet coalition was observed in 2 knees (5.1%) in group R and 1 knee (2.5%) in group P. However, there were no knees with tunnel coalition at a level 10 mm from the bone surface at each period in both groups. On the tibial surface, tunnel outlet coalition was observed in 22 knees (56.4% of cases) in group R and 25 knees (62.5%) in group P at 2 weeks and then in 26 knees (66.6%) in group R and 28 knees (70.0%) in group P at 1 year after surgery. Tibial tunnel coalition at a level 10 mm from the joint surface was seen in 6 knees (15.4% of cases) in group R and 7 knees (17.5%) in group P at 2 weeks. Then, at 1 year, tibial tunnel outlet coalition was observed in 8 knees (20.5%) in group R and 9 knees (22.5%) in group P. There were no significant differences between the 2 groups, and there was no significant correlation between femoral and tibial tunnel coalition and postoperative knee laxity (Table 7) .
Clinical Results
There were no graft failures at final follow-up. For the sideto-side difference in anterior laxity, there were no significant differences between the 2 groups. After the side-to-side laxity values were divided into 2 categories, <2 mm and 2 mm, the chi-square test showed that anterior laxity in group P was significantly better than in group R (P ¼ .0353) ( Table 8 ). Concerning the pivot-shift test, there were no significant differences between the 2 groups (Table 8 ). There were also no significant differences between the 2 groups regarding postoperative results of the Lysholm knee score, IKDC score, mean isokinetic peak torque of the quadriceps and hamstring muscles, and Tegner score (Table 9) . 
DISCUSSION
There are 2 strong points in this study. First, we used the anatomic double-bundle ACL reconstruction procedure and the remnant-preserving procedure, which have been clinically established. 31 A unique feature of the remnantpreserving procedure is that the femoral attachment of remnant tissue is not detached, so as to sufficiently cover the femoral tunnel outlets with tissue. 57 Second, we confirmed the similarity of the created intra-articular tunnel outlet locations and the incidence of tunnel coalition between groups P and R in this study. Thus, we believe the present study, using multiplanar reconstruction images of CT, clearly demonstrates the effects of remnant tissue preservation on tunnel enlargement after anatomic double-bundle ACL reconstruction. Namely, the remnant tissue preservation technique significantly reduced the degree of femoral AM tunnel enlargement at 1 year after surgery. In addition, the incidence of measurable femoral AM tunnel enlargement was significantly less in group P (22.5%) than in group R (48.7%), and the percentage change in the cross-sectional 
a Data are shown as mean ± SD. ACL, anterior cruciate ligament. area of the AM tunnel was significantly less in group P (19.4%) than in group R (44.0%). Previous biomechanical studies 26, 28 have suggested that the most important bundle to resist tibial anterior displacement is the AM bundle.
In the present study, we could not find any significant relationship between the degree of tunnel enlargement and clinical outcomes at 1-year follow-up. This result is similar to that reported in previous studies. 15, 42 However, we believe that the effort to reduce tunnel enlargement is important in any type of ACL reconstruction procedure because a possibility of ACL revision surgery exists in all patients.
Remnant tissue preservation makes the creation of femoral and tibial tunnels difficult because tissue disturbs the arthroscopic observation of the bony landmarks. Therefore, it has been pointed out that malposition and coalition of the tunnels may frequently occur in remnant-preserving double-bundle reconstruction, resulting in graft malfunction and tunnel enlargement. 33 However, there were no significant differences in the locations of the created tunnels and the incidence of tunnel coalition between the remnant-resecting and -preserving procedures in the current study. Kondo et al 31 also reported that there were no significant differences in the intra-articular tunnel position between the remnant-resecting and -preserving procedures. This is an advantage of the remnant-preserving procedure, which includes the use of some special guide devices and an easy technique to intraoperatively confirm the guide wire location using a C-arm fluoroscope. 57 In group R, the degree of tunnel enlargement at 10 mm from the intra-articular outlet was 17.8% to 20.0% in the femur and 4.4% to 18.2% in the tibia. Previously, Araki et al 3 reported that the femoral bone tunnel volume of the AM and PL bundles changed to 22.3% and 12.5% in the articular third, respectively. Siebold and Cafaltzis 43 reported, using magnetic resonance imaging, that at 7 months after double-bundle reconstruction, the degree of tunnel enlargement was a mean of 34% for the femoral AM tunnel, 46% for the femoral PL tunnel, 20% for the tibial AM tunnel, and 38% for the tibial PL tunnel. Jarvela et al 23 reported, using magnetic resonance imaging, that at 27 months after double-bundle reconstruction, the degree of AM and PL femoral and tibial tunnel enlargement averaged 54% and 42% and 39% and 43%, respectively. Therefore, the degree of tunnel enlargement we observed in group R was comparable with that after common double-bundle ACL reconstruction procedures.
We considered the reasons why remnant tissue preservation reduces enlargement of the femoral AM tunnel after ACL reconstruction. The first possibility is related to the limitation of synovial fluid propagation within the bone tunnel by remnant tissue preservation. It is known that the levels of inflammatory cytokines are elevated in the synovial fluid for several weeks after ACL reconstruction. 12, 17, 60 Xie et al 53 reported that the synovial fluid contained high levels of proinflammatory cytokines such as TNF-alpha, IL-1beta, IL-6, and nitric oxide, which inhibited bone formation and promoted osteoclast cell activity, leading to osteolysis and tunnel enlargement. Hayward et al 17 reported that the cytokines in the synovial fluid leaking into the bone tunnel disrupted healing of the bone-tendon interface. Sun et al 45 suggested that the preservation of tibial remnant tissue decreased fluid leakage into the bone tunnel. Hayward et al 17 also described that a reduction in synovial fluid leakage into the tibial tunnel might decrease or eliminate the adverse effects of cytokine-mediated osteolysis or bone tunnel enlargement.
A special feature of our technique 31, 57 is that the proximal attachment of the ACL remnant is not detached from the attachment. Generally, the femoral tunnel aperture is surrounded by synovial and fibrous tissues of Crain type I and II. Therefore, the procedure used in the present study was beneficial to sufficiently cover the tendon grafts with remnant and synovial tissues not only in the tibial tunnel but also in the femoral tunnel. We conducted a comparison in the incidence of tunnel enlargement among Crain types I, II, and III in group P patients and found no significant differences.
The second possibility for this mechanism is related to the activities of remnant tissue-derived cells. 39 Nakano et al 37 reported that ACL-derived cells enhanced early bone-tendon healing in rat models of ACL reconstruction. Therefore, there is a possibility that ACL remnant-derived cells also enhance intraosseous graft healing in the tunnel. Wu et al 52 reported that the integration of the tendon to the bone tunnel was significantly improved by remnant preservation during ACL reconstruction. However, further basic studies are needed to clarify the mechanism in detail.
We considered the reasons why remnant tissue preservation could not reduce enlargement of the femoral PL tunnel after ACL reconstruction. Previous studies have reported that in remnant-resecting double-bundle reconstruction, the incidence and degree of femoral PL tunnel enlargement are essentially less than those of femoral AM tunnel enlargement. 25, 43 In addition, Kondo et al 31 showed that the degree of graft coverage around the PL bundle with remnant tissue was significantly less than that around the AM bundle. Therefore, we speculate that the effect of remnant tissue preservation on femoral tunnel enlargement was not detected. Concerning tibial AM and PL bundle enlargement, some amount of ACL remnant tissue was left at the tibial attachment in our remnantresecting procedure. Therefore, we believe that the effect of remnant tissue preservation on tibial tunnel enlargement was hardly detected in the clinical evaluation. In the present study, the incidence of femoral AM tunnel enlargement in group P was significantly greater (P ¼ .0072) in older patients (>30 years) than in younger patients (30 years). Yanagisawa et al 54 reported that age was a preoperative factor associated with tunnel enlargement after double-bundle ACL reconstruction. Nishio et al 38 also noted that femoral tunnel enlargement was significantly greater in older patients than in younger patients. Recently, it has been postulated that postoperative periarticular loss of bone mineral density might be associated with tunnel enlargement. 4 Regarding the femoral AM tunnel, in patients aged 30 years, the incidence of enlargement was significantly less in group P than in group R (P ¼ .0102). The Tegner activity score was significantly higher in younger patients than in older patients (P ¼
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.0143). Yet, there were no significant relationships between the incidence of tunnel enlargement and the postoperative Tegner score. Previous studies have reported that excessive rehabilitation 16, 20 and micromotion at the tunnel aperture by a graft with suspensory fixation 34, 50 are the causes of tunnel enlargement. Recently, Uefuji et al 48 demonstrated that younger patients have more CD34þ cells in ruptured ACLs and associated tissues, which exhibit a high proliferation and multilineage differentiation potential, especially in osteogenesis and endotheliogenesis. They suggested that when surgeons perform remnant-preserving ACL reconstruction, the age of the patients should be taken into account when predicting the healing potential. Therefore, remnant and bone quality differences may explain why AM femoral tunnel enlargement was more likely to be found in younger patients of group R than in those of group P.
There are some limitations in this study. First, because the patients were not randomized to treatment, there may be a selection bias. Second, the follow-up period was just 1 year in this study. If tunnel enlargement is more dynamic once the patient is fully active, there is the potential of enlargement later than 1 year after surgery. Third, we could not estimate bone tunnel enlargement at the tunnel outlet on the intra-articular bone surface because it was difficult to measure the tunnel diameter on 3D CT, as the diameter was changed by imaging conditions. Fourth, the follow-up rate might not be highly regarded because it was 88.6% and 85.1% in groups R and P, respectively. Fifth, we did not determine the interobserver variation in radiographic measurements. Sixth, although the betweengroup difference in the time from injury to surgery did not reach statistical significance, this is worth mentioning because the time intervals were not the same between groups. However, beyond these limitations, the present study provides orthopaedic surgeons with important information on anatomic double-bundle ACL reconstruction with hamstring tendons.
CONCLUSION
The present study showed that the preservation of ACL remnant tissue can reduce enlargement of the femoral AM tunnel after anatomic double-bundle ACL reconstruction at 1 year after surgery. This is an advantage of remnant-preserving ACL reconstruction. The present study confirmed that there were no significant differences in the locations of the created tunnels and the incidence of tunnel coalition between the remnant-resecting and remnant-preserving procedures. This is an important feature of the remnant-preserving procedure used in the present study.
